Background Early detection of Pseudomonas aeruginosa is essential for successful eradication. The accuracy of serum antibodies against specific and multiple P aeruginosa antigens at predicting lower airway infection in young children with cystic fibrosis (CF) was investigated. Methods A commercial P aeruginosa multiple antigen (MAg) ELISA and an in-house exotoxin A (ExoA) ELISA were compared in two populations: a discovery population of 76 children (0.1e7.1 years) undergoing annual bronchoalveolar lavage (BAL)-based microbiological surveillance and a test population of 55 children (0.1e5.6 years) participating in the Australasian CF Bronchoalveolar Lavage Trial. Results In the discovery population, P aeruginosa was cultured from BAL fluid ($10 5 colony-forming units (cfu)/ ml) in 15/76 (19.7%) children (median age 1.88 years). Positive MAg and ExoA serological results were found in 38 (50.0%) and 30 (39.5%) children, respectively. Positive (PPV) and negative (NPV) predictive values for serology at diagnosing P aeruginosa infection ($10 5 cfu/ ml) were 0.14 and 0.99 respectively (MAg assay) and 0.11 and 0.98 (ExoA assay). In the test population, P aeruginosa was cultured from BAL fluid ($10 5 cfu/ml) in 16/55 (29.1%) children (median age 1.86 years) and from oropharyngeal swabs in 32/36 (88.9%). Positive MAg and ExoA serology was detected in 19 (34.5%) and 33 (60.0%) children, respectively. The PPV and NPV of serology were 0.26 and 0.94 respectively (MAg assay) and 0.19 and 0.98 (ExoA assay) and were marginally higher for oropharyngeal cultures. Conclusions Measuring serum antibody responses against P aeruginosa is of limited value for detecting early P aeruginosa infection in young children with CF.
INTRODUCTION
Lower airway infection with Pseudomonas aeruginosa is an important event in the development of cystic fibrosis (CF) lung disease. However, the early stages of P aeruginosa infection in young children also provides a window of opportunity where aggressive antibiotic treatment may eradicate the organism, delaying its almost inevitable establishment within the lungs and the associated adverse impact upon respiratory function and clinical status.
1e10 Consequently, there is a strong incentive for early detection of P aeruginosa infection in young children. However, microbiological surveillance in preschool children and infants is difficult owing to their inability to expectorate sputum, and many centres rely upon upper airway cultures which have poor predictive accuracy for lower airway pathogens. 11 12 As a result, there is renewed interest in serology as a potential diagnostic aid for detecting early lower airway infection with P aeruginosa. 13e19 The clinical value of serology is likely to be greatest in children too young to expectorate sputum; however, robust data on diagnostic accuracy in this age group are lacking. 13e20 Bronchoalveolar lavage (BAL) culture is currently accepted as the 'gold standard' technique for detecting lower airway pathogens in young children. 21 The clinical utility and accuracy of serology in diagnosing P aeruginosa lower airway infection has not been determined in infants and young children with CF using BAL cultures to confirm the presence of lower airway infection. Accordingly, previous reports of serological assays to identify P aeruginosa infection in non-expectorating infants and young children may be unreliable. 13e19 The optimal panel of antigens for testing remains uncertain and may influence the diagnostic value of serology in young children. Most published data to date report serological responses in older children and adults with CF to a limited panel of P aeruginosa antigens 13e15 18 19 selected to reflect the hierarchical expression of virulence factors and proteins associated with early P aeruginosa tissue invasion. 22 Studies specifically examining serological responses of infants and preschool children to P aeruginosa antigens are few and have used a limited number of antigens. 16 17 The present study was performed to test the hypothesis that serum antibodies raised against P aeruginosa antigens would aid the diagnosis of lower airway infection with this pathogen in infants and young children. Specifically, children would seroconvert at the time of lower airway infection with P aeruginosa and measuring serum antibody levels should aid microbiological surveillance. The study compared serological responses using two ELISAs: an in-house P aeruginosa exotoxin A (ExoA) ELISA and a commercially available ELISA containing a blend of 64 different Pseudomonas antigens. We report the diagnostic value of P aeruginosa serology in two independent populations of infants and preschool children with CF: (1) 
METHODS
Full details are given in the online supplement.
Study subjects
The discovery population comprised all children with CF aged <7 years in Western Australia enrolled in a BAL-based early surveillance programme. BAL fluid and serum samples were obtained soon after diagnosis and annually until 7 years of age. Approval was given by the Human Ethics Committee of Princess Margaret Hospital for Children and parents gave written consent for each bronchoscopy.
The test population comprised children recruited to the ACFBAL study. Children randomised to BAL-directed therapy underwent routine BAL, oropharyngeal (OP) swab and serum sampling before 6 months of age and during infective exacerbations. Children in both trial arms underwent BAL at 5 years of age and OP swabs and serum were collected at that time. Approval for the ACFBAL study was obtained from the ethics committees of the University of Queensland and from participating centres.
Bronchoscopy and BAL fluid sampling
Flexible bronchoscopy was performed under general anaesthesia. Aliquots of 1 ml/kg non-bacteriostatic normal saline were instilled with the bronchoscope wedged into the right middle lobe (RML) bronchus. In the discovery population three aliquots were used and the first was sent to the microbiology laboratory.
In the test population a single aliquot was also obtained from the lingula and pooled with that from the RML.
Microbiology
BAL fluid was cultured using standard microbiological techniques. Children with BAL cultures that grew P aeruginosa at a bacterial density $10 5 colony-forming units (cfu)/ml were considered to be infected. 11 Definitions of chronic and intermittent infection with P aeruginosa were adapted from the Leeds criteria: P aeruginosa infection was categorised as intermittent where #50% of all BAL fluid cultures were positive and as persistent/chronic where >50% were positive. 23 This classification was also used to categorise intermittent and chronic colonisation in OP cultures in this study. A secondary analysis was undertaken including P aeruginosa of any density cultured in BAL fluid.
Serology
Serum antibodies directed against P aeruginosa were measured using two assays: (1) a commercially available semiquantitative IgG ELISA consisting of a multiple antigenic (MAg) blend of 64 different Pseudomonas antigens from 17 of the most common P aeruginosa serotypes (Statens Serum Institut, Denmark) and (2) an optimised and validated in-house P aeruginosa ExoA IgG-ELISA (see online supplement for details).
Determining diagnostic accuracy
Positive control serum was used to optimise the ELISA assays. The ability of serology to detect infection with P aeruginosa was assessed using receiver operator characteristic (ROC) curves. In both assays serum anti-Pseudomonas antibody levels from children with CF (aged 4e15 years) with established persistent P aeruginosa lower airway infection were compared with levels from the negative control serum. The optimal discrimination between positive and negative controls was obtained at a 1:256 dilution of serum and determined by calculating sensitivity and specificity for differing threshold values and choosing the titre producing the best balance between sensitivity and specificity and the largest area under the ROC curve. The optimal threshold antibody level indicating a positive test for the MAg assay was 3.1 arbitrary units (AU), and 1.7 AU for the ExoA assay. The area under the ROC curve was 0.98 (95% CI 0.94 to 1.0) for the MAg assay and 0.98 (95% CI 0.95 to 1.0) for the ExoA assay (figure 1). The intra-and interassay coefficients of variability were acceptable and confirmed as 1.97% and 0.33%, respectively, for the MAg assay and 1.25% and 8.0% for the ExoA assay. These optimal (cut-off) values were then used to categorise children in the discovery population as being 'positive' or 'negative' for P aeruginosa antibodies. The sensitivity, specificity and positive (PPV) and negative (NPV) predictive values of serology as markers of P aeruginosa infection were determined from contingency tables and 95% CIs calculated using the binomial exact method. The process was repeated in the test population. 
Statistical analysis
Correlations between independent variables were performed using clustered robust SE to adjust for potential intraclass correlations between observations within the dataset. Variables were log-transformed to achieve normality and results expressed as regression coefficients (SE) and 95% CIs. Probability values <0.05 were considered statistically significant. Statistical analyses were completed using Stata software Version 10.
RESULTS

Discovery population
One hundred and eighty-six paired serum and BAL fluid cultures from 76 children aged 0.1e7.1 years were analysed (table 1) . P aeruginosa was cultured from BAL fluid at any bacterial density in 21 children (27.6%), median age 2.2 years (IQR 1.3e3.3). Mucoid P aeruginosa was cultured in seven BAL fluid samples from six children. Fifteen children (19.7%), median age 1.88 years (IQR 1.05e4.30) were infected ($10 5 cfu/ml) with P aeruginosa. One child was infected persistently with P aeruginosa and the remaining 14 subjects were infected intermittently (table 1). Only 10 of the 21 children (47.6%) had respiratory symptoms (predominantly moist cough) at the time P aeruginosa (at any bacterial density) was detected. All patients with positive BAL cultures for P aeruginosa underwent treatment for eradication of Pseudomonas (see online supplement for details). No child received regular or cycled inhaled tobramycin treatment during the study.
The MAg and ExoA assays provided positive serological results in 38 (50.0%) and 30 (39.5%) children in the discovery population, respectively. In those subjects with serial assessments of serology available from CF diagnosis following newborn screening (n¼14), the median ages for the first positive test results were 1.30 and 1.20 years by Mag and ExoA assays, respectively. There was a wide range in individual antibody titres (0.40e94.6 AU) and titres correlated with increasing age regardless of lower airway infection with P aeruginosa (MAg: coefficient (SE) 1.84 (0.29); 95% CI 1.26 to 2.42; p<0.001), ExoA: coefficient (SE) 1.10 (0.29); 95% CI 0.51 to 1.69; p<0.001). There was no correlation between bacterial density from BAL cultures and the antibody titre MAg (coefficient (SE) À0.266 (60.846), 95% CIÀ1.92 to 1.39, p¼0.753) and ExoA (coefficient (SE) À0.227 (60.648), 95% CI À1.50 to 1.04, p¼0.726) (see figure 1 in the online supplement). Regardless of their subsequent infection status, following seroconversion most children in the discovery population who provided multiple serum samples had persistent P aeruginosa antibodies detected by both ExoA and MAg assays (table 1) .
The sensitivity, specificity and predictive values of serology for lower airway infection with P aeruginosa in the discovery population are shown in table 2. The PPVs were poor, being 0.14 (95% CI 0.06 to 0.23) for MAg and 0.11 (95% CI 0.04 to 0.18) for Exo A. The NPVs for both assays were high, being 0.99 (95% CI 0.97 to 1.0) and 0.98 (95% CI 0.95 to 1.0), respectively. These data were recalculated incorporating any growth of P aeruginosa in BAL fluid cultures. As shown in table 3, the PPV improved only marginally while the NPV remained high.
Test population
One hundred and sixty-two paired serum and BAL fluid samples were obtained prospectively from 55 children (age 0.1e5.6 years) randomised to the BAL-directed treatment arm of the ACFBAL trial. The median age at first BAL sampling was 0.39 years (table 1) and subjects underwent a median of 5 (range 1e13) BAL procedures during the study period. OP sampling during an infective exacerbation in the ACFBAL study was occasionally missed by some participating centres and therefore these data are incomplete. A total of 89 OP swabs were obtained at the same time as the BAL fluid from 36 children, median age 2.47 years (range 0.25e5.27).
P aeruginosa at any density was isolated in 68 BAL fluid samples from 31 children (56.4%). In 29 children (93.5%) P aeruginosa was detected only intermittently. Sixteen (29.1%) grew $10 5 cfu/ml P aeruginosa in their BAL fluid at a median age of 1.86 years (table 1). Bacterial counts of P aeruginosa were generally low at their initial detection: 10 2 e10
4 cfu/ml in 15 subjects (48.4%), 10 5 e10 6 cfu/ml in 10 subjects (32.3%) and $10 7 cfu/ml in 6 subjects (19.3%). Mucoid P aeruginosa strains were isolated in 6/68 (8.8%) BAL cultures from 5 children. Of the 36 subjects who provided OP swabs, 32 (88.9%) cultured P aeruginosa from OP swabs at a median age of first detection of 2.0 years (IQR 0.2e4.9). Almost all of these 32 children (n¼30, 94%) were intermittently colonised with P aeruginosa (#50% of all OP cultures positive for P aeruginosa since first isolation) in their upper airways. Only two children were chronically colonised (>50% of all OP cultures since first isolation) with P aeruginosa in their upper airways. The concordance between positive cultures of P aeruginosa in the upper airways and simultaneous isolation in BAL fluid was poor in the test population overall. A positive culture for P aeruginosa in the upper airway was associated with concomitant culture of P aeruginosa in the BAL fluid in 53% of paired samples. The predictive values of OP cultures for P aeruginosa in BAL fluid cultures were correspondingly poor: PPV 0.54 (0.4e0.67) and NPV 0.84 (0.77e0.91). As in the discovery population, patients with positive BAL cultures for P aeruginosa underwent treatment for eradication of Pseudomonas (for details see online supplement), and no child received regular or cycled inhaled tobramycin treatment during the study.
In this population of patients with CF, positive MAg ELISA serology results were present in 24/55 subjects (43.6%) and in 46/162 serum samples (28.4%). In contrast, 33 subjects (60%) had positive serology to ExoA antigens. Following an initial seroconversion, most subjects who provided repeated serum samples remained seropositive. No correlation was observed between P aeruginosa colony counts in BAL fluid and antibody titre (ExoA, r 2 ¼0.03, p¼0.12; MAg, r 2 ¼0.02, p¼0.14). The sensitivity, specificity and predictive accuracy of serology at diagnosing P aeruginosa lower airway infection are shown in table 2 and for any growth of P aeruginosa in BAL fluid in table 3. PPVs were universally poor with both assays (range 0.10e0.41) and were worse at higher bacterial density. The NPVs produced by both assays were high (range 0.94e0.99) at bacterial densities $10 5 cfu/ml. Overall, positive serology was marginally better at predicting P aeruginosa in OP than BAL cultures (table 3). The PPV of the MAg assay (0.57) was slightly higher than that obtained from the in-house ExoA assay (0.43). The NPV for serology from the MAg assay was lower for OP than BAL cultured specimens. The diagnostic value of serology for positively predicting P aeruginosa in either BAL or OP cultures did not vary significantly with age.
DISCUSSION
This is the first study to examine the diagnostic value of serology as a less invasive marker of lower airway infection with P aeruginosa in two independent populations of infants and preschool children with CF using BAL culture as the microbiological reference standard. By employing BAL to detect respiratory infection, we have attempted to address uncertainties regarding the validity of serology testing in young children. In this current study the PPV of serology using both single and multiple antigen ELISA assays was too poor to usefully serve as a less invasive marker of lower airway infection with P aeruginosa in young children with CF. Neither in the population of clinically stable predominantly asymptomatic infants and preschool children undergoing routine annual BAL surveillance nor in acutely symptomatic young children experiencing a respiratory exacerbation was the diagnostic value of serology sufficiently reliable to diagnose P aeruginosa infection with any certainty. The prevalence of culture-proven P aeruginosa infection in the two populations was consistent with previously reported ranges in preschool children. 1 24 25 The high NPVs observed for both assays in the discovery cohort suggest that serology may have clinical value in excluding lower airway infection with P aeruginosa in young children undergoing routine pathogen surveillance. However, in a population with a higher prevalence of P aeruginosa infection, the NPV of serology using either assay is likely to be too low to reliably exclude the presence of lower airway infection in acutely symptomatic children. These children will therefore still require BAL culture to determine whether they are infected with P aeruginosa and whether specific antipseudomonal treatment is needed. In addition, the association of positive serological tests with upper airway colonisation means that a positive result does not always indicate that lower airway infection is present.
In the present study we considered $10 5 cfu/ml P aeruginosa in BAL fluid as indicating infection. 11 However, many physicians consider the presence of any P aeruginosa in the lungs sufficient indication to instigate eradication therapy. We therefore recalculated the PPV and NPV of serology using both assays. While the PPV increased marginally in both the test and discovery populations and the NPV decreased somewhat, the accuracy of serology remains too low to be of use clinically. Moreover, the predictive accuracy of serology at detecting upper airway colonisation was greater than for lower airway infection. These data show that serology does not improve upon the predictive value of positive OP swabs as indicators of lower airway infection with P aeruginosa.
There is no international consensus regarding the most appropriate definition of persistent and intermittent infection with P aeruginosa detected in upper airway cultures. Chronic and intermittent infection is even less well-defined in populations of young children where P aeruginosa is detected using BAL culture during annual pulmonary surveillance or infective exacerbations. We based the definition of persistent and intermittent infection in BAL culture for this current study on the Leeds criteria 15 23 for reasons of simplicity, although it must be acknowledged that the clinical implications of chronic infection as defined in this current study may not be equivalent to those observed in studies using upper airway cultures to detect P aeruginosa.
The optimal antigen panel for detecting early P aeruginosa infection remains uncertain. ExoA was chosen as the single antigen ELISA in this study as antibodies to ExoA are among the first to be detected in patients with CF with P aeruginosa infection 17 22 and because of the reported association between elevated titres to ExoA and clinical status. 26 To date, many investigators have measured responses to a small range of individual antigens (ExoA, elastase, alkaline phosphatase, flagellin, exoenzyme S, outer membrane proteins) and some also report enhanced sensitivity of serology when individual responses to single P aeruginosa antigens are considered in combination rather than independently.
13e15 27e29 In the current study we examined whether measurement of responses to a broad range of antigens in combination would enhance the diagnostic value of serology at detecting lower airway infection with P aeruginosa in young children compared with a single antigen assay. Clearly this was not the case, and the predictive values of either assay were insufficient to avoid young children undergoing BAL for collection of lower airway secretions for culture. Further studies are needed to identify and to validate the most suitable antigen panels for screening preschool children before serology can be recommended as a reliable diagnostic tool in the detection of early P aeruginosa CF lung infection. 30 Previous studies report much higher PPVs and NPVs of serology within heterogeneous populations of CF.
13e15 27 The higher prevalence of P aeruginosa infection and the inclusion of predominantly older chronically infected patients may account for the higher predictive values in these studies. Antibody levels in chronically infected older patients are almost universally elevated, with titres increasing as lung disease severity progresses. 27 28 Cut-off titres that distinguish positive from negative P aeruginosa infection calculated from adult-based serology pools are likely to be too insensitive to apply to a young paediatric population with early infection from non-mucoid strains, relatively mild lung disease and low immunological responses to the initial infecting strains.
While microbiological culture of BAL is considered the present reference standard for detecting lower airway pathogens, it is not necessarily the 'ideal' standard or without limitations. Bronchoscopy and BAL is a relatively invasive procedure requiring general anaesthesia and day case admission, which limits the frequency with which it may be used in lower airway pathogen surveillance in children. We acknowledge that a negative culture does not provide unequivocal assurance that P aeruginosa infection is not present in the lung due to the limitations of regional sampling and reliance on viable bacteria in secretions being accessible to bronchoscopic sampling. 31 We recognise the limitations of using BAL cultures as a gold standard given their potential failure to identify pathogens at low densities and if the patient is receiving antibiotic treatment. Highly sensitive molecular-based techniques such as quantitative PCR (qPCR) assays show considerable promise for overcoming these difficulties. 32 33 However, the techniques and expertise to employ qPCR as a means of improving bacterial detection are not widely available to CF clinicians and are yet to be validated in populations of young children undergoing BAL.
BAL samples may also not always provide accurate information regarding quantitative bacterial counts in the lungs. Intraindividual variability in quantitative bacterial counts has been described in adults undergoing sputum and BAL sampling, 34 and it is possible that any significant relationship between P aeruginosa density and the magnitude of serological titres may be obscured in this present study. An equally likely explanation for the poor association between bacterial density and serological titre, we believe, is that antibody levels are dependent on individual variations in humoral host responses to invasive pathogens rather than bacterial load alone. Finally, contamination of BAL samples by upper airway secretions is still possible, although every attempt was made to avoid this by using laryngeal masks and not suctioning respiratory secretions until the tip of the bronchoscope was below the carina and, if possible, wedged into the target bronchus.
We are unable to comment on the prognostic value of increasing serology titres in the months before the initial and subsequent detection of P aeruginosa in BAL cultures in either population as serology and BAL sampling were performed only annually (biannually at most) in the discovery population and were predominantly symptom-driven in the test population. The potential for frequent serological testing in combination with regular OP swab collection for culture or molecular-based detection methods as a means of diagnosing lower airway infection with P aeruginosa requires further investigation in larger populations. 32 However, both serial OP and blood sampling are not always well tolerated by all young children. Furthermore, any such study still needs BAL as the 'gold standard' for confirmation of a lower airway infection.
In conclusion, the data from the present study argue against using P aeruginosa serological testing as a substitute for lower airway culture in either the setting of pathogen surveillance or respiratory exacerbation among infants and preschool children with CF.
